Spatial memory formation is a dynamic process requiring a series of cellular and molecular steps, such as gene expression and protein translation, leading to morphological changes that have been envisaged as the structural bases for the engram. Despite the role suggested for medial temporal lobe plasticity in spatial memory, recent behavioral observations implicate specific components of the striatal complex in spatial information processing. However, the potential occurrence of neural plasticity within this structure after spatial learning has never been investigated. In this study we demonstrate that blockade of cAMP response element binding protein-induced transcription or inhibition of protein synthesis or extracellular proteolytic activity in the ventral striatum impairs longterm spatial memory. These findings demonstrate that, in the ventral striatum, similarly to what happens in the hippocampus, several key molecular events crucial for the expression of neural plasticity are required in the early stages of spatial memory formation.
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cAMP response element binding protein | nucleus accumbens | tissue plasminogen activator | Morris water maze | mice T he formation of long-term memories is believed to involve a dynamic process by which a labile memory is progressively converted into a more stable and potentially permanent trace. Evidence for such a time-dependent process comes from studies demonstrating that electroconvulsive shock produces amnesia only if delivered shortly after learning, whereas the same treatment is ineffective when delivered several hours later (1) . Long-term memory is accompanied by changes in neuronal morphology and connectivity, and these alterations are thought to be essential for the stabile encoding of new information (2) . This transformation has been suggested to depend upon plastic changes that involve a sequence of specific and coordinated cellular processes. These begin with neurotransmitter receptor activation that induces shortterm changes in synaptic efficacy based on receptor phosphorylation and trafficking (3, 4) . Subsequently, alterations in gene expression and protein synthesis occur that are the basis for longterm structural modifications (5, 6) .
A key issue in the study of memory in vertebrates is the brain site at which these processes occur. Clinical evidence in humans suggests that structures within the medial temporal lobe (MTL) play a prominent role in long-term memories. MTL lesions induce profound deficits in the formation of long-lasting declarative memories while sparing the acquisition of nondeclarative memories such as visual-motor skills (7, 8) . Such findings suggest that the hippocampus might be an essential site where plasticity occurs in the initial steps of declarative memory stabilization. Accordingly, those molecular events thought to be crucial for the long-term encoding of memories such as regulation of gene expression and protein synthesis, as well as structural changes, have been described in the hippocampus after spatial learning (6, 9, 10) .
Recent experimental evidence, however, demonstrates that structures different from the hippocampus might also be involved in the acquisition of spatial information. In this regard it is interesting to note that altered activity of the striatal complex can impair the ability to perform spatial learning tasks (11, 12) . These findings could be the result of a requirement for neurotransmission in the ventral striatum (VS) in facilitating the proper flow of information or, alternatively, in the induction of plasticity needed for long-term stabilization of critical information necessary for spatial navigation. Thus, to investigate the possible role of the VS in the stabilization of spatial memories, we tested whether different key molecular events shown to be crucial for hippocampal-dependent memory formation, such as cAMP response element binding protein (CREB) activity, de novo protein synthesis, and ECM remodeling, were needed within the VS to ensure the stabilization of new spatial memories.
Results
CREB Activity in VS Is Required for Spatial Memory Consolidation.
Fig . 1A shows the effect of pretraining administration of antisense or sense CREB oligonucleotides or vehicle into the VS on spatial memory measured 24 h after training in the spatial discrimination task. Values are expressed as an index of reexploration, representing the difference between exploration of the displaced objects in session 5 (S5) and exploration of the same object category in session 4 (S4). Mice injected with vehicle or sense CREB oligonucleotide showed equivalent performance, reexploring the displaced object significantly more than the nondisplaced object. Mice receiving antisense CREB oligonucleotide showed a significantly lower level of relative exploration of the displaced object compared with the other groups [ANOVA of treatment, F(1,22) = 3.475; P = 0.0757; treatment × object category, F(1,22) = 21.875; P = 0.0001]. To examine whether antisense CREB oligonucleotide was able to suppress both shortand long-term memory recall, a similarly treated group of mice underwent testing 3 min after training. In contrast to the group tested 24 h after training, this group showed no significant effect of treatment on spatial memory recall as measured by relative exploration of the displaced object [ Fig. 1B ; ANOVA of treatment, F(1,17) = 0.084; P = 0.7749; object category, F(1,17) = 28.138; P = 0.0001; treatment × object category, F(1,17) = 0.170; P = 0.6857). To extend this finding we assessed the effects of CREB injections into the VS on spatial memory performance in the Morris water maze task. The mice were trained in a water maze using a single-day massed procedure (12) . As previously observed in the spatial discrimination task vehicle and sense CREB oligonucleotide injected mice 24 h after training showed similar performance spending more time in the correct quadrant than in the other three. To the contrary, mice injected with antisense CREB oligonucleotide spent equivalent time in the four quadrants during the probe trial, thus proving to be unable to correctly locate the platform [ Fig. 1C ; ANOVA of treatment, F(1,15) = 4.208; P = 0.056; quadrant preference, F(3,45) = 17.131, P = 0.0001; treatment × quadrant preference, F(3,45) = 10.774; P = 0.0001]. To confirm that suppression of CREB expression was restricted to mice treated with antisense CREB oligonucleotide, we examined levels of CREB protein in tissue punches of VS from mice, administered 18 h earlier with vehicle or sense or antisense CREB oligonucleotide. Antisense CREB oligonucleotide treatment was associated with a 40% decrease in CREB immunoreactivity compared with sense-treated control mice [ Fig. 1D ; F(1,2) = 31.47; P = 0.03]. No difference in CREB immunoreactivity was detected between sense oligonucleotide and vehicle-treated control mice. To determine whether the effects induced by antisense CREB oligonucleotide could be attributed to its action within the VS or to its spreading outside this brain region, we injected Cy-3-labeled antisense CREB oligonucleotide into the VS. Fluorescent oligonucleotide, labeled a sphere with a radius of approximately 0.5 mm from the point of injection (0.52 ± 0.06 mm ventral, 0.58 ± 0.03 mm lateral, and 0.56 ± 0.04 mm anterior to the injection site). Therefore, in most cases, the extension of the oligodeoxynucleotide (ODN) distribution did not exceed the border of the VS (Fig. 1E) .
Overall, these data suggest that a certain minimum level of CREB protein is required in the VS for long-term, but not shortterm, recall of spatial memory.
Protein Synthesis in VS Is Required for Spatial Memory Consolidation.
To block protein synthesis during the immediate posttraining consolidation period and to rule out an effect of the drug on training itself, we administered anisomycin into the VS immediately after training and tested the animals 24 h later in the spatial discrimination task. Fig. 2A shows the effects of anisomycin administrations on long-term spatial memory recall as measured by relative exploration of the displaced object during S5. Mice receiving the high doses of anisomycin showed significantly lower memory than mice treated with the low dose or vehicle [ Fig. 2A ; ANOVA of treatment, F(3,32) = 0.725; P = 0.5446; object category, F(1,32) = 11.86; P = 0.0016; treatment × object category, F(3,32) = 7.552; P = 0.0006]. Next we assessed the effects of immediate posttraining injections of anisomycin into the VS on spatial memory performance in the Morris water maze task. Immediately after the final training session, mice were administered 100 μg anisomycin per side and tested in a probe trial 24 h later ( in the four quadrants [ Fig. 2B ; ANOVA of treatment, F(1,14) = 1.95; P = 0.18; quadrant preference, F(3,42) = 7.95; P = 0.0003; treatment × quadrant preference, F(3,42) = 5.64; P = 0.0024). To verify whether the effects observed were specific for long-term memory, in a separate experiment, anisomycin-treated mice were tested 30 min after training. In this case, no difference was found between control and anisomycin-treated mice [ Fig. 2C ; ANOVA of treatment, F(1,14) = 0.119; P = 0.73; quadrant preference, F(3,42) = 20.41; P = 0.0001; treatment × quadrant preference, F(3,42) = 0.45; P = 0.715]. A caveat to be considered when using posttraining administrations is the possibility that the effects observed could be caused by nonmnemonic proactive effects of the drug on probe trial performance. The similar response observed in mice administered immediately after training and tested with a ST interval, however, seems to exclude this possibility. Finally, we asked whether the effect observed was specific to spatial learning or could be a result of impairments in nonspatial components of the task. To this end we tested the effects of immediate posttraining administration of 100 μg anisomycin per side in the VS in the cue version of the water maze, in which mice were required to approach the platform by associating it with a single visual cue. Anisomycin-treated mice performed similarly to control animals spending more time in the correct quadrant than in the other three [ Fig. 2D ; ANOVA of treatment, F(1,15) = 0.828; P = 0.3772; quadrant preference, F(3,45) = 57.11; P = 0.0001; treatment × quadrant preference, F(3,45) = 0.726; P = 0.541]. These findings suggest that inhibition of protein synthesis in the VS during the period closely following training specifically blocks the formation of long-but not shortterm spatial memory. We would like to mention that the similar effects observed in two spatial learning tasks that are different in terms of motivational and motor demand and in which no overtraining is required, as well as the lack of effect in the cue version of the Morris water maze, makes it highly unlikely that the effects observed could be a result of impairments in nonspatial components of the task such as rewards or motor learning. Furthermore, the posttraining manipulation we chose to perform should be particularly suitable for ruling out possible effects of the drugs on behavioral or attentional processes.
Tissue Plasminogen Activator Activity in VS Is Required for Spatial Memory Consolidation. It has been shown that degradation of the ECM in the hippocampus by proteases such as tissue plasminogen activator (tPA)/plasmin system facilitates long-term plasticity (13) a mechanism that is thought to occur because of the relieve of the inhibitory role of ECM on synaptic remodeling (14, 15) . To determine whether tPA activity in the VS was required for spatial memory consolidation, we examined long-term object place association memory in mice treated in the VS, immediately after training, with the tPA inhibitor PAI-1. Administration of PAI-1 to the VS significantly and dose-dependently decreased spatial memory recall 24 h after training compared with vehicletreated mice as measured by relative exploration of the displaced object [ Fig. 3A ; ANOVA of treatment, F(4,38) = 1.580; P = 0.19; object category, F(1,38) = 56.65; P = 0.0001; treatment × object category, F(4,38) = 7.228; P = 0.0002]. To extend this finding, in a further experiment, we assessed the effects of immediate posttraining injections of PAI-1 into the VS on spatial memory performance in the Morris water maze task. Mice were trained in the water maze, administered immediately after the final training session with 0.5 μg PAI-1 per sode, and tested in a probe trial 24 h later. Fig. 3B shows the time spent in the four quadrants of the water maze during the probe trial. Control mice spent significantly more time in the correct quadrant compared with the other three quadrants, thus demonstrating correct memory for the platform location. PAI-1-treated mice, however, failed to show a preference for any quadrant during the probe trial [ Fig. 3B ; ANOVA of treatment, F(1,15) = 1.430; P = 0.25; quadrant preference, F(3,45) = 6.368; P = 0.001; treatment × quadrant preference, F(3,45) = 5.506; P = 0.001]. In a separate experiment, posttraining ventral striatal PAI-1 treatment was shown to have no effect on probe trial performance when animals were tested 30 min following the last training session [ Fig. 3C ; ANOVA of treatment, F(1,14) = 0.033; P = 0.85; quadrant preference, F(3,42) = 20.875; P = 0.001; treatment × quadrant preference, F(3,42) = 0.383; P = 0.76]. The specificity of the effect observed in the spatial version of the water maze after intra-VS administrations of PAI-1 was evaluated in mice trained in the cue version of the task and treated immediately posttraining with 0.5 μg PAI-1 per side. As shown in Fig. 3D , PAI-1 did not affect performance of the mice, with both groups spending more time in the correct quadrant than in the other three [ANOVA of treatment, F(1,15) = 0.241; P = 0.631; quadrant preference, F(3,45) = 46.489; P = 0.001; treatment × quadrant preference, F(3,45) = 0.388; P = 0.7618]. These data demonstrate that tPA activity is required immediately after spatial learning for long-term, but not short-term, memory.
tPA has a wide spectrum of putative targets that include plasminogen (16), ECM components (17), cell adhesion molecules (18) , and membrane receptors (19, 20) . However, it has been shown that the effects of tPA on ECM depend on its ability to cleave the plasminogen into plasmin, whereas its effects on membrane receptors are plasminogen-independent (19, 20) . To examine which of these tPA-dependent pathways might be responsible for the effects of intrastriatal PAI-1 on long-term spatial memory, we performed a quantitative assessment of plasminogen immunoreactivity in the VS of mice injected with either vehicle or PAI-1, this last group either subjected or not subjected to massed training in the Morris water maze task. Quantitative immunoblotting (Fig. 4B ) revealed a significant decrease in plasminogen levels in trained animals compared with nontrained animals and this effect was blocked in PAI-1-treated mice [ Fig. 4A ; naive vs. trained/PBS solution, F(1,8) = 5.295; P = 0.0504; naive vs. trained/PAI-1, F(1,8) = 0.180; P = 0.6829]. These data demonstrate that spatial learning is accompanied by an increase in the proteolysis of plasminogen by tPA and suggest that plasminogen-dependent proteolytic pathway in the VS may play a role in spatial memory consolidation.
Histological Verification. A schematic representation of the injection placements for all groups of the three experiments is included in SI Text. Only animals showing correct VS placements were included in the statistical analysis.
Discussion
Our data show that interfering with CREB-induced transcription, protein synthesis, and reorganization of synaptic proteins in the VS impairs the ability to store spatial information. Current consolidation theory posits that a series of cellular and molecular processes within the MTL are needed during and immediately after learning to store a persistent memory trace. The formation of the trace is a dynamic process involving posttranslational protein modification and changes in gene expression (3) (4) (5) 21) . These events culminate in modifications in the number and strength of synaptic connections (9) that might represent the structural trace of the memory engram [reviewed by Lamprecht and LeDoux (2)]. Interfering with any of these steps in the MTL impairs long-term memory storage. In this study we demonstrate that, for the successful consolidation of spatial information, the occurrence of such molecular processes is also required within the VS.
CREB is a ubiquitous transcription factor whose phosphorylation at serine-133 is required to trigger gene transcription underlying long-term memory consolidation. Mice lacking CREB αΔ (21) or carrying a mutation of serine-133 to alanine (22) show severe deficits in spatial learning tasks. Importantly, such deficits were observed only when animals were tested 24 h after training, but not a few hours after training, supporting the hypothesis that CREBmediated transcription is selectively required for long-term maintenance of spatial information (21) . In the present study we demonstrate that antisense-mediated suppression of CREB expression in the VS severely compromises spatial memory retention. Also in this case, the impairment was observed when testing was performed 24 h after training ( Fig. 1 A and C) but not shortly after training (Fig.  1B) . The lack of effect observed when there is a short delay between training and testing makes it unlikely that the deficit observed could be caused by an inability to acquire or retrieve spatial information. Furthermore, the absence of an observable effect of the control oligonucleotide on object displacement recognition (Fig. 1A) , as well as on platform location in the spatial version of the water maze (Fig. 1C) , argues against a possible cytotoxic effect induced by oligonucleotide infusion. Taken together, these findings suggest that normal levels of CREB expression within the VS are required to stabilize spatial information. This result resembles those reported after manipulation of the hippocampal complex. Indeed, antisensemediated down-regulation of CREB expression within the hippocampus immediately after training has been shown to block spatial memory (10) , whereas viral-mediated overexpression of CREB facilitated retention without affecting the acquisition of spatial information (23) .
We next demonstrate that posttraining injection of anisomycin into the VS blocks long-term memory in the spatial discrimination task and in the Morris water maze (Fig. 2) . Blockade of protein synthesis by intrahippocampal administration of the protein synthesis inhibitors has been shown to interfere with spatial memory consolidation in a diverse range of tasks, including the Morris water maze (24) and contextual fear conditioning tests (25) . However, until now, a requirement for protein synthesis in spatial memory consolidation outside of the hippocampus has not been investigated. Thus, our findings support a requirement for protein synthesis outside the hippocampus to stabilize spatial information.
The long-term stabilization and storage of information in the brain has been postulated to depend upon structural changes such as altered synaptic contacts and increased or decreased number of synaptic release sites (2) . Remodeling of the ECM is known to facilitate synaptic remodeling (14, 15) and several studies provide strong support for a role of extracellular proteases in facilitating synaptic plasticity and learning (26, 27) . For example, focal application of tPA facilitates-whereas similar treatments with tPA inhibitors block-late-phase long-term potentiation in the hippocampus (13, 14) and tPA-KO mice show impaired persistence of hippocampal long-term potentiation (28) . At the same time, tPA-KO mice show deficits in long-term spatial memory tasks (29) . Interestingly, tPA-KO mice also show impaired persistence of striatal long-term potentiation and long-term depression (30) , suggesting a similar role for ECM in restricting synaptic plasticity in this structure. Our finding that posttraining PAI-1 administration impairs long-term recall of memory in two different spatial learning tasks (Fig. 3 A and B) but not in a cue learning task (Fig. 3D) demonstrates that tPA activity in VS is specifically required for stabilization of long-term spatial memory traces. Thus, it appears that ECM-dependent structural remodeling is required in striatal circuits for successful stabilization of spatial memories.
Although the direct substrates of tPA that mediate this remodeling function are still poorly defined, our results suggest that activation of plasminogen is an essential step in this process (Fig. 4  A and B) . Several studies have shown that tPA function is also essential for short-term memory (measured within 2 h of acquisition) (29) . These findings suggest that, in addition to its known effects on ECM proteins, tPA may also have a more rapid function in the cleavage of critical membrane-bound targets such as NMDA receptors (20) . However, we failed to observe effects of PAI-1 in the Morris water maze when the probe trial was presented 30 min after training (Fig. 3C ). This result indicates that long-term spatial memory stabilization in VS might be mediated through the plasminogen proteolytic activity, rather than tPA-induced receptor cleavage. In fact, altered functionality of NMDA receptor in the VS would have affected also short-term memory maintenance (12) . Overall our data strongly suggest that plasticity within the VS is an essential requirement for long-term storage of spatial memory. Currently there are two main models of memory consolidation: the system consolidation theory and the multiple trace theory (31, 32) . Independently of the model, neural plasticity within the MTL is viewed as central to store declarative information. The present finding expands this view, providing experimental evidence that the ability to encode spatial information also requires transcriptional events and synaptic remodeling within the VS, thereby suggesting that plasticity of VS and MTL is necessary. It should be mentioned that the list of brain areas involved is probably longer, entailing that long-term maintenance of spatial information is supported by neural plasticity occurring over a widespread network. This may be needed to sustain activity over a large reverberating brain circuit to permit the formation of permanent higher-level associations on the basis of the information initially stored arbitrarily following the learning experience (33) . A further issue is the timing in the molecular and cellular events in the different brain structures. In analogy with current models of memory consolidation, plasticity in the VS might serve as a locus for memory storage, much as has been hypothesized for the hippocampus (32) . Alternatively, plasticity in the VS may serve to sustain brain activity before the permanent transfer of spatial information to cortical structures (31) . In this study we provide evidence for structural plasticity in the VS in the period that immediately follows the learning experience, but further studies will be needed to assess the stability of such changes.
The striatum and the hippocampus are generally viewed as components of distinct memory systems, the first related to habit formation and the second mediating the acquisition of spatial and episodic memories (34, 35) . This model is supported by studies demonstrating dissociation in the effects induced by manipulations of the two structures in the cue or the spatial version of the Morris water maze (36) or in the cross maze task (37) . The VS has been traditionally linked to motor and motivational processes (38) . However, manipulations of this structure reliably produce deficits in spatial learning tasks (11, 12 ; but see also ref. 39) . In this study we demonstrate that the molecular processes regarded as crucial for long-term stabilization of information are needed within this structure for spatial but not cue learning. This dissociation is similar to what is observed in the hippocampus (40) . However, differently from the hippocampus, VS manipulations also impair responding to cues in auto-shaping, in Pavlovian-instrumental transfer, or in the early stages of instrumental conditioning, coherently with the high number of reward-responding neurons in this structure but not in the hippocampus (41) .
In conclusion, our findings raise the possibility that spatial information is stored over a distributed network comprising MTL and subcortical structures. Accordingly, the storage of spatial information within MTL structures might be needed to identify changes in spatial context, whereas striatal circuits might help defining the context in which an adaptive response should occur by integrating spatial with reward related information about the salience of goal-directed behavioral adaptation.
Materials and Methods
Subjects. Male CD1 mice (Charles River) were used in the present study. Upon arrival, animals were housed in groups of five in standard breeding cages placed in a rearing room at a constant temperature (22 ± 1°C), with food and water ad libitum. At the time of testing, they were 9 to 10 weeks old and their weights ranged from 35 to 40 g. All experiments were run during the light period (between 0900 and 1600 hours). Every possible effort was made to minimize animal suffering and all procedures were conducted according to Italian and European laws and regulations on the use of animals in research and National Institutes of Health guidelines on animal care.
Surgery. Mice underwent surgery 1 week after their arrival. They were anesthetized with an i.p. injection of chloral hydrate (500 mg/kg; Fluka) and placed in a stereotaxic frame (David Kopf Instruments). The head skin was cut longitudinally and bilateral guide cannulae (7 mm in length, 0.5 mm in diameter) were fixed on the calvarium with dental acrylic (Shofu). The following coordinates were used: anterior to bregma, +1.7 mm; lateral to midline, ±1 mm; ventral from the dura, -2.3 mm, according to the Mouse Atlas (42) . Mice were left in their home cages for at least 1 week before all behavioral tests.
To verify ODN tissue diffusion, the animals underwent the surgical procedure as described earlier and the same anteroposterior and lateral coordinates were used. However, no guide cannulae were implanted. Surgery ended after the injection made by lowering a needle −4.3 mm ventral from the dura.
Drugs and Infusion. Two sequences of unmodified ODNs were used. The sequences of CREB antisense (AS-ODN) and sense (S-ODN), chosen according to previous studies (10), were as follows: CREB antisense 5′-TGGTCATCTA-GTCACCGGTG-3′; CREB sense 5′-CACCGGTGACTAGATGACCA-3′. HPSF-purified ODN (MWG Biotech) were resuspended in PBS solution (pH 7.4). Either AS-ODN or S-ODN was administered at the dose of 4.0 nmol per side.
ODN tissue diffusion was studied using AS-ODNs coupled at their 3′-end with the Cy3 fluorescent dye (Biofab). The labeled and unlabeled ODNs were mixed in a 50% ratio and resuspended in PBS solution. The concentration and the volume of injected solutions were the same as in the behavioral experiment (4.0 nmol per side).
Doses of anisomycin (Sigma) were selected on the basis of previous findings (43) , showing >90% inhibition of protein synthesis in cortex for 2 h. Anisomycin was dissolved in a solution of 40% DMSO, brought to pH 7, and then diluted with 0.9% saline solution. The doses used in this experiment were 25, 50, and 100 μg per side.
Selective blockade of tPA activity was obtained through direct infusions into the VS of PAI-1 (Calbiochem). PAI-1 was dissolved in PBS solution and administered at the doses of 0.0625, 0.125, 0.25, and 0.5 μg per side. For a detailed description of the infusion procedure, see SI Text.
Behavioral Procedures. Spatial discrimination task. The task, which has been previously demonstrated to be sensitive to hippocampal lesions (44) , consists of placing mice in an open field containing five objects and, after three sessions of habituation, examining their reactivity to object displacement. To distinguish between short-and long-term memory, two different the time intervals between the last training session (S4) and the discrimination test (S5) were used (3 min and 24 h, respectively; for detailed description of the apparatus and behavioral procedures, see SI Text). Water maze task. The procedure consisted of three different phases: a familiarization phase, a training phase, and a probe test (45) . To distinguish between short-and long-term memory in this case as well, different time intervals were used between the last training session and the probe test.
Two different versions of the water maze have been used. In the place version, several extramaze visual cues were attached to the walls surrounding the apparatus. Mice were required to navigate to the invisible platform using the spatial cues available in the room. The platform was always located in the same quadrant during training phases. In the cue version, all the distal visual cues were removed and a single proximal cue was present, a black-painted plastic ball (3 cm diameter) hanging 7 cm above the surface of the platform. The position of the platform and the ball changed across sessions to prevent animals from using spatial bias. During the probe test, the platform was removed, and the ball was located in the quadrant opposite to that used in the last training session (see SI Text for detailed description).
Immunoblotting. For the CREB experiment, ventral striatal punches taken from eight different mice were used for each experimental condition. The values reported in Fig. 1C are means of two independent experiments. For plasminogen, the Western immunoblot shown in Fig. 4B is representative of four experiments, and a pool of four VS (from two animals) was used for each experimental condition. The results were evaluated for statistical significance using the two-tailed Student t test. Differences were considered significant for P < 0.05. For detailed description of the immunoblot experiments, see SI Text.
ODNs Tissue Penetration Experiment. For details of the ODN tissue penetration experiment, see SI Text.
